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Introduction {#jah32091-sec-0004}
============

Age, blood pressure (BP), and metabolic factors contribute both independently and collectively to cognitive decline.[1](#jah32091-bib-0001){ref-type="ref"} Hypertension affects both brain structure and regional cerebral blood flow (rCBF) during cognitive performance.[2](#jah32091-bib-0002){ref-type="ref"} Once established, hypertension predicts stroke, vascular dementia, and indicators of brain aging.[3](#jah32091-bib-0003){ref-type="ref"} Evidence now suggests that BP, even in midlife, is negatively related to cognitive performance as well as to rCBF responses to physiological and cognitive challenges.[3](#jah32091-bib-0003){ref-type="ref"} Although relationships have been found in midlife, most evidence concurrently examining BP and cognitive and brain function is from adults aged \>60 years.[4](#jah32091-bib-0004){ref-type="ref"}, [5](#jah32091-bib-0005){ref-type="ref"}, [6](#jah32091-bib-0006){ref-type="ref"} In this study, we asked whether cognition is associated with prehypertensive, rather than hypertensive, levels of BP in midlife and whether concurrent patterns of brain activation (assessed indirectly by rCBF) also relate to BP.

Our prior work suggested that essential hypertension might influence brain function prior to or concurrently with the progression of BP to diagnostic levels. Conceptually, chronic sympathetic nervous system activation has been associated with the onset of hypertension.[7](#jah32091-bib-0007){ref-type="ref"}, [8](#jah32091-bib-0008){ref-type="ref"} A central autonomic network[9](#jah32091-bib-0009){ref-type="ref"}, [10](#jah32091-bib-0010){ref-type="ref"} regulates sympathetic activity and shows substantial anatomical overlap with areas activated during cognitive processing. Etiological processes influencing these brain areas could jointly alter both cognitive performance and BP. During the processing of laboratory cognitive and stress challenges in normotensive participants, amygdala, insula, and cingulate areas from the central autonomic network showed regional activation correlated with concomitant increases in BP.[11](#jah32091-bib-0011){ref-type="ref"} Hypertensive participants responding to similar cognitive challenges also increased rCBF in amygdala and hippocampus areas related to task performance, but this was combined with decreased rCBF in parietal, thalamic, and prefrontal areas.[12](#jah32091-bib-0012){ref-type="ref"} This finding aligns with observations of neuropsychological deficits among midlife hypertensive patients and reduced overall CBF.[6](#jah32091-bib-0006){ref-type="ref"} The possibility that BP was not altering brain function but that brain function may be directly influenced by essential hypertension was raised when successful pharmacological treatment reduced BP but did not alter cognitive and brain rCBF correlates of BP observed prior to treatment.[13](#jah32091-bib-0013){ref-type="ref"}, [14](#jah32091-bib-0014){ref-type="ref"}, [15](#jah32091-bib-0015){ref-type="ref"} The rCBF responses during cognitive performance in the thalamus, posterior parietal, and lateral prefrontal cortex did not normalize over a 1‐year period of pharmacological treatment. Furthermore, the magnitude of BP reduction correlated positively with rCBF response at baseline, and brain indices of aging and nonspecificity of rCBF response remained constant or progressed despite successful lowering of BP.

The current work examined younger prehypertensive persons to see if BP--brain relationships were present prior to diagnostic levels of hypertension, opening a window for early intervention. Although hypertension relates negatively to neuropsychological performance at midlife,[6](#jah32091-bib-0006){ref-type="ref"}, [16](#jah32091-bib-0016){ref-type="ref"}, [17](#jah32091-bib-0017){ref-type="ref"} it is not known whether the rCBF response to laboratory challenge is also altered among prehypertensive persons. Accordingly, we examined cognition along with functional rCBF responses known or suggested to have a role in BP regulation. We addressed the hypothesis that among midlife adults, cognition and rCBF responses to cognitive tasks would covary with resting SBP in areas related to sympathetic function. We also explored the possibility that variation in rCBF responses with systolic BP (SBP) level would explain any negative relations between SBP and cognition.

The rCBF responses were assessed using arterial spin labeling (ASL) with magnetic resonance imaging (MRI) technology. Use of rCBF and ASL maintained continuity with our earlier work examining rCBF with positron emission tomography.[12](#jah32091-bib-0012){ref-type="ref"}, [18](#jah32091-bib-0018){ref-type="ref"} ASL has assessed total gray matter CBF at rest[4](#jah32091-bib-0004){ref-type="ref"} and reduced rCBF in brain regions associated with dementia in elderly hypertensive patients compared with normotensive persons.[19](#jah32091-bib-0019){ref-type="ref"} Although the examination of rCBF responses is rare, the feasibility of this technique is supported by studies documenting rCBF responses to breath holding and the differential rCBF response to varying cognitive tasks.[20](#jah32091-bib-0020){ref-type="ref"}, [21](#jah32091-bib-0021){ref-type="ref"}

Methods {#jah32091-sec-0005}
=======

Participants {#jah32091-sec-0006}
------------

Healthy middle‐aged adults (aged 35--60 years, n=227) with resting BP \<140/90 mm Hg were enrolled. None met the following exclusion criteria: (1) general medical conditions---pregnancy, ischemic coronary artery disease, cancer (treatment \<12 months), chronic liver disease, chronic kidney disease (creatinine \>1.2 mg/dL), or diabetes mellitus (fasting blood glucose \>125 mg/dL); (2) neuropsychiatric conditions---stroke, multiple sclerosis, serious head injury, epilepsy, brain tumor and major mental illness; and (3) use of prescription medications for hypertension and psychotropic drugs. In total, 49 participants were selected as normotensive (SBP ≤120 mm Hg and diastolic BP \[DBP\] ≤80 mm Hg). The remaining participants were prehypertensive (SBP \>120 and \<140 mm Hg or DBP \>80 and \<90 mm Hg). Participants were recruited from the local community via newspaper advertisements, posted flyers, and databases of persons interested in research studies (eg, <http://www.ctsi.pitt.edu/resrec.shtml>). Eligibility was established via a telephone screen (with verbal consent), followed by BP assessment and a medical interview after written consent. All exclusions were assessed via self‐report except for the assessment of BP. Overall, 14 of the 243 consenting and eligible participants failed to participate further after the initial visit. Prehypertensive participants were followed for 2 years. This report is only on the assessments prior to follow‐up. All study procedures received local institutional review board approval.

Participants visited the lab on 3 occasions, typically within 2 weeks (see Figure [1](#jah32091-fig-0001){ref-type="fig"}). Visit 1 included a detailed medical history; BP measurement; height, weight, and waist measurement; 12‐hour fasting blood work; and various demographic and lifestyle questionnaires. Participants collected all urine for 16 hours following the initial visit. Concentrations were expressed relative to participants\' creatinine excretions, which were also assayed. Sodium, potassium, and creatinine were separately determined using a Beckman Coulter AU680l assay.

![Diagram of study procedure. BP indicates blood pressure; MRI, magnetic resonance imaging; MSIT, multisource interference test.](JAH3-6-e004856-g001){#jah32091-fig-0001}

Visit 2 consisted of BP measurement and a 2‐hour neuropsychological battery. Visit 3 was an MRI examination lasting 1 hour. After participants were seated for at least 5 minutes with back and arm supported, trained assistants recorded BP twice, separated by 60 seconds, using the ausculatory technique with cuff size based on arm circumference. Resting BP was calculated as the average of the 4 readings across 2 visits.

Neuropsychology Battery {#jah32091-sec-0007}
-----------------------

A 2‐hour neuropsychological battery examined attention, verbal and visual memory, mental flexibility, and psychomotor ability. An estimate of intelligence was obtained from the National Adult Reading Test.[22](#jah32091-bib-0022){ref-type="ref"} The composition of the battery is shown in Table [S1](#jah32091-sup-0001){ref-type="supplementary-material"}. Scores from the battery were summarized into different domains through use of principal component analysis followed by standardized varimax rotation of 5 factors. To enhance the possibility of replication, a unit‐weighted standardized combination of tests loading at \>0.50 was used rather than factor scores. The derived factors assessed memory (logical and associative, short and long term), working memory, executive function, mental efficiency, and attention.

Magnetic Resonance Imaging {#jah32091-sec-0008}
--------------------------

A 1‐hour MRI session followed training in the cognitive tasks to be performed. The neuroimaging data were acquired on a 3T Trio TIM whole‐body scanner (Siemens) equipped with a 12‐channel phased‐array head coil. The participants were positioned in a standard head coil, and a brief scout T~1~‐weighted image was obtained. An axial series followed, oriented to the plane connecting the anterior and posterior commissures (AC--PC line). This series included a fast spin‐echo T~2~‐weighted sequence (effective echo/repetition time 102/2500 ms, 1 excitation) and a FLAIR (fast fluid‐attenuated inversion recovery) sequence (effective echo/repetition time 56/9002 ms; time to inversion 2200; 1 excitation). Section thickness was 5 mm with a 1‐mm intersection gap. FLAIR images, which are highly sensitive to white matter signal abnormalities,[23](#jah32091-bib-0023){ref-type="ref"} were used in the assessment of white matter hyperintensity burden. A field of view of 24 cm and an image matrix of 256×192 pixels were used for all axial magnetic resonance series. T~1~‐weighted images were obtained using a 3‐dimensional fast‐gradient MPRAGE (magnetization prepared rapid gradient‐echo) sequence: repetition time 1540 ms, echo time 3.04 ms, 192 sagittal slices, flip angle 8°, field of view 256 mm, slice thickness 1 mm with no gap, voxel dimensions 1 mm^3^. The MPRAGE images were used for normalization and for morphological analyses.

The pseudocontinuous ASL (pCASL) scans interleaved perfusion images with (label) and without (control) ASL.[24](#jah32091-bib-0024){ref-type="ref"} These scans were obtained using gradient echo‐planar imaging (interleaved ascending, matrix 64×64, 3.75 mm in plane resolution, 6‐mm‐thick slices, 2790 Hz/pixel, echo time 18 ms, flip angle 90°, repetition time 3.6 seconds). The pCASL labeling period was 1.5 seconds with a 1.1‐second transit delay and 1‐second acquisition for 20 slices. A total of 100 pairs of label/control measurements were acquired in 12 minutes. The pCASL label was placed ≈9 cm below the center of the imaging volume. A coronal phase‐contrast magnetic resonance angiogram (single 80‐mm‐thick slice, flip angle 25°, repetition time 50 ms, matrix: 256×256) was used to ensure the pCASL plane was placed orthogonally to the internal carotids and vertebral arteries.

For preprocessing, perfusion images were realigned to the first image of the series, coregistered to each participant\'s MPRAGE image, spatially normalized to the International Consortium for Brain Mapping 152 template (Montreal Neurological Institute), and resliced to an isotropic voxel size of 3 mm^3^. Images were then smoothed with a 12‐mm full‐width at half‐maximum isotropic gaussian kernel, after which the 100 labeled and 100 unlabeled images were submitted to pairwise subtraction to obtain perfusion estimates.

Subtraction of the pCASL images yielded rCBF within gray matter (ie, voxels containing ≥80% gray matter).[25](#jah32091-bib-0025){ref-type="ref"} CBF maps were created from the pCASL data using the tracer kinetic model.[26](#jah32091-bib-0026){ref-type="ref"} Voxels with negative perfusion values and values \>2.5×median were set to missing. Averaging across appropriate task segments was then done for each participant to generate separate resting and task voxelwise rCBF images and total CBF values, both in units of mL/100 g per minute.

Perfusion scanning was applied in a blocked design with 3 minutes of the control phase preceding and following 6 minutes of the active phase. The initial task was 2‐back working memory. The target requiring a button press was a letter that repeated a letter presented 2 back in the sequence. This required memory of 3 items compared with the control phase, 0‐back, in which a letter named prior to the task was the target requiring a press. The second task was a modified version of the multisource interference test (MSIT).[27](#jah32091-bib-0027){ref-type="ref"}, [28](#jah32091-bib-0028){ref-type="ref"} For the active phase, numbers 1, 2, and 3 were matched to the second, third, and fourth finger positions on a response glove. For each trial, 3 numbers were presented evenly spaced across the screen; 2 were identical (eg, 3 3 1). In the test, the finger corresponding to the differing number should execute a button press. Interference arises between the spatial correspondence of screen and fingers and the numeric mapping of fingers. The control task was the same except that the differing number always shared spatial and numeric correspondence.

Within the MRI scanner, BP was collected with a Medran Veris 8600 automated system (Bayer Health Care). BP readings were initiated every 2 minutes during a 4‐minute quiet rest period (during and following FLAIR sequence) and during the 2‐back and MSIT tasks. The task design determined that one BP would be taken during the initial control phase, 2 would be taken during the active task phase, and a final BP would be taken during the closing control phase. The obtained BP values were averaged to form a resting mean, a mean control‐phase, and a mean task‐phase BP. The difference between the task and control‐phase BPs was calculated and then averaged across the 2‐back and MSIT tasks. This "reactivity" score was used in analyses.

### MRI analyses {#jah32091-sec-0009}

Perfusion images were preprocessed with Statistical Parametric Mapping software (SPM8; Wellcome Trust Centre for Neuroimaging) as well as a customized ASL toolbox.[29](#jah32091-bib-0029){ref-type="ref"} General linear models with a weighted least squares procedures (SPM toolbox, RobustWLS, <http://www.diedrichsenlab.org/imaging/robustWLS.html>) were used to assess voxelwise task effects on CBF where task conditions were modeled as boxcar functions; the CBF changes from control to task phase were evaluated from preplanned contrast analyses. We then obtained rCBF changes, namely, responses, for 16 bilateral regions of interest by extracting the first principal component of the contrast data in each of the regions across all participants. The regions of interest (ROIs) were selected based on prior literature in which BP or BP reactions to mental tasks were related to brain structure or function.[13](#jah32091-bib-0013){ref-type="ref"}, [30](#jah32091-bib-0030){ref-type="ref"}, [31](#jah32091-bib-0031){ref-type="ref"}, [32](#jah32091-bib-0032){ref-type="ref"}, [33](#jah32091-bib-0033){ref-type="ref"}, [34](#jah32091-bib-0034){ref-type="ref"}, [35](#jah32091-bib-0035){ref-type="ref"}, [36](#jah32091-bib-0036){ref-type="ref"}, [37](#jah32091-bib-0037){ref-type="ref"} Selected regions were the amygdala, Brodmann area 6 (BA6, prefrontal cortex), dorsolateral prefrontal cortex, midcingulate cortex, ventrolateral prefrontal cortex, ventromedial prefrontal cortex, anterior insula, cerebellum, dorsal anterior cingulate cortex, dorsal striatum, pons, posterior cingulate cortex, posterior parietal, subgenual anterior cingulate cortex, thalamus, and ventral striatum. Figure [2](#jah32091-fig-0002){ref-type="fig"} shows the location of these ROIs within the brain.

![Regions of interest based on prior studies showing relationships between BP levels or BP task reactivity. BA6 indicates Brodmann area 6; BP, blood pressure; dACC; dorsal anterior cingulate cortex, DLPFC, dorsolateral prefrontal cortex; MCC, midcingulate cortex; PCC, posterior cingulate cortex; sgACC, subgenual anterior cingulate cortex; VLPFC, ventrolateral prefrontal cortex; VMPFC, ventromedial prefrontal cortex.](JAH3-6-e004856-g002){#jah32091-fig-0002}

Initial analyses of rCBF responses of these areas to the tasks showed substantial correlations among areas. This suggested that summary scores reflecting components of reactivity might exist and that assessment of these would substantially reduce the number of statistical comparisons used, thus acting against experimentwise (type I) error. Principal component analysis of the area intercorrelations revealed 3 components with eigenvalues \>1 and consistent with a screen test applied to the eigenvalues. Identification of the components was then aided by varimax rotation. Components were highly similar between the 2 tasks performed in the scanner. Comparison of areas identified suggested areas of efferent activation.[38](#jah32091-bib-0038){ref-type="ref"} Areas for 2 of the components were similar to those identified in retrograde rabies virus tracing from the adrenal medulla in the *Cebus* monkey, that is, tracing efferent connections from the brain to a primary sympathetic efferent organ[39](#jah32091-bib-0039){ref-type="ref"} for a motor component and a medial prefrontal component. The motor component encompassed prefrontal motor areas and posterior parietal and midcingulate connectivity (Brodmann area 6, dorsolateral prefrontal cortex, dorsal anterior cingulate, posterior parietal) and, for our purposes, is labeled *frontoparietal*. The medial prefrontal component connectivity included pre‐ and subgenual cingulate areas as well as medial and ventrolateral prefrontal areas (ventrolateral prefrontal cortex, ventromedial prefrontal cortex, subgenual anterior cingulate, and ventral striatum). We termed this component *frontostriatal*. Our third component related to areas known to have direct and indirect connections to a primary sympathetic neural efferent area, the rostral ventrolateral medulla (amygdala, anterior insula, thalamus, pons). Reviews of neuroanatomical connectivity support connections of amygdala, insula, thalamus, and pontine nuclei.[40](#jah32091-bib-0040){ref-type="ref"}, [41](#jah32091-bib-0041){ref-type="ref"}, [42](#jah32091-bib-0042){ref-type="ref"} We labeled this component *insular--subcortical*. These labels are only descriptive summaries, as we have no direct evidence in this study of adrenal or rostral ventrolateral medullary connectivity. Component scores were generated by the combination of standardized values for the areas with unit weighting of areas loading on the component \>0.48 (see Table [1](#jah32091-tbl-0001){ref-type="table-wrap"}).

###### 

Loading of Brain Areas on Factors for the 2 Tasks Administered in the Magnetic Resonance Imaging Scanner

  Component              Areas Included   Loading on Component For Interference, 2‐Back Task
  ---------------------- ---------------- ----------------------------------------------------
  Frontoparietal         BA6              0.91, 0.91
  DLPFC                  0.85, 0.86       
  dACC                   0.71, 0.69       
  Posterior parietal     0.81, 0.82       
  Frontostriatal         VLPFC            0.80, 0.80
  VMPFC                  0.86, 0.89       
  Ventral striatum       0.72, 0.75       
  Insular--subcortical   Amygdala         0.82, 0.78
  Anterior insula        0.60, 0.49       
  Thalamus               0.61, 0.60       
  Pons                   0.70, 0.72       

BA6 indicates Brodmann area 6; dACC, dorsal anterior cingulate cortex; DLPFC, dorsolateral prefrontal cortex; VLPFC, ventrolateral prefrontal cortex; VMPFC, ventromedial prefrontal cortex.

Importantly, frontoparietal and insular--subcortical areas generally increased rCBF, whereas frontostriatal areas decreased rCBF during task performance; rCBF was generally greater during the control phase relative to the active phase.

Statistical Analysis {#jah32091-sec-0010}
--------------------

The results were assessed with bivariate correlation and multiple regressions. Prior to analysis, the distributions of all variables were examined. Skewness of the mental efficiency and attention factors was corrected with log transformation. Extreme values were subjected to winsorizing using values of the upper and lower 1% of the distribution. Because of inability to complete the MRI session, 12 of the 227 participants did not have MRI data. These participants without MRI data were comparable in all respects to the remaining participants with the demographic characteristics shown in Table [2](#jah32091-tbl-0002){ref-type="table-wrap"} except for body mass index (BMI). BMI of the those without MRI data was 32.7 compared with 28.8 for the remaining participants (*P*=0.02). Eight participants did not have SBP reactivity data. These participants were similar to the remaining participants except for lower educational attainment (15.3 versus 18.6 years, *P*\<0.01). Biologically plausible covariates for the model were identified, but the large number (22 variables) required us to limit them to maintain model stability. Potential covariates were examined to determine any significant bivariate correlation with SBP, neuropsychological factor, or rCBF composite. Any variable showing a correlation was further tested in a relevant exploratory regression model to determine if any marginally significant relationship (*P*\<0.10) was evident. Standard covariates were retained (age, sex, race, and education), and BMI and SBP reactivity to tasks were added because of their relationships. The following variables were excluded because of failure to affect primary study findings: report of medical conditions; medication use; use of nicotine; salt intake; ventricular and sulcal size; ratings of white matter hyperintensities[43](#jah32091-bib-0043){ref-type="ref"}; perceived stress scale[44](#jah32091-bib-0044){ref-type="ref"}; use of alcohol; activity, as estimated from the Paffenbarger scale[45](#jah32091-bib-0045){ref-type="ref"}; and apnea, as estimated from the Berlin questionnaire.[46](#jah32091-bib-0046){ref-type="ref"}

###### 

Demographics Described Separately for Participants Recruited as Normotensive or Prehypertensive

  Variable                                                                                           Normotensive (n=49)   Prehypertensive (n=178)
  -------------------------------------------------------------------------------------------------- --------------------- -------------------------
  Age, y                                                                                             47.1 (7.0)            48.6 (7.0)
  Education, years                                                                                   15.4 (3.0)            15.3 (2.8)
  Sex (% male)                                                                                       39                    47
  Race (% white)[a](#jah32091-note-0004){ref-type="fn"}                                              65                    63
  SBP, mm Hg[b](#jah32091-note-0005){ref-type="fn"}                                                  108.2 (6.8)           123.4 (6.8)
  DBP, mm Hg[b](#jah32091-note-0005){ref-type="fn"}                                                  71.1 (5.2)            81.3 (5.1)
  Heart rate, beats/min                                                                              69.5 (9.2)            71.0 (9.1)
  Mean SBP task, control, mm Hg                                                                      2.5 (3.6)             2.2 (4.0)
  BMI[b](#jah32091-note-0005){ref-type="fn"}                                                         26.3 (4.9)            29.7 (5.9)
  Drink alcohol, %                                                                                   80                    72
  Smoke, %                                                                                           20                    27
  Taking prescription medications, %                                                                 16                    29
  Average number of reported medical/psychiatric conditions[b](#jah32091-note-0005){ref-type="fn"}   0.53 (0.77)           1.12 (1.3)
  Physical activity estimated, kcal                                                                  1625 (1637)           1877 (1767)
  Apnea risk (% by Berlin questionnaire)[b](#jah32091-note-0005){ref-type="fn"}                      6.1                   21.9
  Urinary sodium, mmol/L                                                                             113.9 (58.9)          106.8 (58.8)
  Urinary potassium, mmol/L                                                                          36.6 (21.2)           31.8 (19.4)
  Estimate intelligence quotient (NART)                                                              108.8 (10.6)          108.6 (11.9)
  White matter hyperintensity rating, periventricular                                                1.54 (0.85)           1.70 (0.88)
  White matter hyperintensity rating, brainstem                                                      1.12 (1.13)           1.38 (1.25)
  *APOE\*E4* carrier, %[b](#jah32091-note-0005){ref-type="fn"}                                       16                    31
  Total CBF, mL/min/100 mL                                                                           74.3 (12.9)           71.5 (13.5)

Data are shown as mean (SD) or percentage. Sample size varies slightly among variables because of, for example, failures in blood sampling, incomplete urine collection, and refusal to answer. Variation is between 47 and 49 for normotensive and 159 and 178 for prehypertensive participants. BMI indicates body mass index; CBF, cerebral blood flow; DBP, diastolic blood pressure; NART, National Adult Reading Test; SBP, systolic blood pressure.

Overall, 77 were black and 7 were Asian or Hispanic. Physical activity and white matter indices were transformed for purpose of analyses, but the original values are presented.

A descriptive statistical difference with a *t* test or χ^2^ test between prehypertensive and normotensive groups.

Regression models were applied to the 5 neuropsychological factors and to performance indices from the 2‐back and MSIT tasks. An accuracy index corrected for false alarms: *A* was used for the 2‐back task, and reaction time for correct choices was used for the MSIT task. Separate models tested whether SBP levels were related to the rCBF responses to the tasks.

Model 1 included age, race, education, sex, and SBP as predictors of neuropsychological and MRI cognitive task performance outcomes. Model 2 added BMI to test whether it altered the relationship of SBP with these outcomes. Mean SBP change (reactivity) during performance of the active task phases (2‐back and MSIT) in the scanner relative to control phases was also added in this model. If the addition of BMI or SBP change to the variables in model 1 elicited a significant reduction in the β weight for SBP, then BMI or SBP change would possibly mediate or account for SBP--cognition relationships.

Model 3 added the 3 rCBF composites as predictor variables. If SBP acted on cognitive function through any influence on these rCBF composites, then model 3 would show a significant reduction in the relationship (β weight) for SBP relative to models 1 and 2. For model 3, mean substitution was used so all participants and variables could be retained in the analysis (ie, mean values were substituted for the 12 participants without MRI data). Each component was also added singly to check any colinearity among the composites; results were essentially identical.

Models 1 and 2 were rerun with the rCBF composites as dependent measures instead of neuropsychological and MRI cognitive performance outcomes.

Results {#jah32091-sec-0011}
=======

Participants {#jah32091-sec-0012}
------------

Table [2](#jah32091-tbl-0002){ref-type="table-wrap"} describes normotensive and prehypertensive participants. Normotensive and prehypertensive participants were generally comparable, although prehypertensive participants had higher BMI, risk of apnea, and prevalence of an *APOE\*E4* allele and were more likely to report a medical or psychiatric condition.

rCBF Response {#jah32091-sec-0013}
-------------

Figure [3](#jah32091-fig-0003){ref-type="fig"} shows brain images with the color code indicating the significant rCBF changes for the 2‐back and MSIT tasks compared with control based on the voxelwise analysis. The ROIs selected as relevant to BP regulation are also outlined in this image. The figure shows that pCASL yielded rCBF activation patterns similar to those in the literature.[27](#jah32091-bib-0027){ref-type="ref"}, [47](#jah32091-bib-0047){ref-type="ref"} The figure also shows activation in the ROIs selected to relate to BP; however, resting SBP and rCBF responses were unrelated (*r*\<0.10).

![Brain activation regions for 2‐back and multisource interference test (MSIT) tasks compared with regions of interest (ROIs) in this study. X refers to the axis defining the left to right location of the sagittal sections illustrated. Y refers to the front to back location of the the verticofrontal section illustrated. A, Mask of 16 ROIs in which blood pressure or blood pressure reactions to mental tasks were related to brain structure or function based on published literature. B, Regions in which cerebral blood flow (CBF) changes in the 2‐back task were significant: random effect analysis, *df*=214, familywise cluster threshold with error rate of 0.05 (height threshold *P*\<0.001, t\>3.13, extent cluster size of 96). C, Regions in which CBF changes in MSIT were significant: random effect analysis, *df*=213, familywise cluster threshold with error rate of 0.05 (height threshold *P*\<0.001, t\>3.15, extent cluster size of 54).](JAH3-6-e004856-g003){#jah32091-fig-0003}

Correlations {#jah32091-sec-0014}
------------

Higher resting SBP was associated with poorer performance on 4 of the 5 neuropsychological factors. Figure [4](#jah32091-fig-0004){ref-type="fig"} presents scatter diagrams showing the statistically significant relationships between SBP and the factors for memory, executive function, working memory, and mental efficiency. The attention factor was unrelated to SBP (*r*=0.09, *P* value not significant).

![Scatter diagrams relating systolic blood pressure and the neuropsychological factors. A, Executive function. B, Memory. C, Mental inefficiency. D, Working memory.](JAH3-6-e004856-g004){#jah32091-fig-0004}

Multiple Regression {#jah32091-sec-0015}
-------------------

Tables [3](#jah32091-tbl-0003){ref-type="table-wrap"}, [4](#jah32091-tbl-0004){ref-type="table-wrap"}, [5](#jah32091-tbl-0005){ref-type="table-wrap"} through [6](#jah32091-tbl-0006){ref-type="table-wrap"} provide multiple regression results for 3 neuropsychological factors and task performance in the scanner. SBP failed to relate to attention, so this result is not reported in the tables and subsequent models were not executed for this cognitive factor. Working memory is not reported in the tables because the marginal relationship with SBP was reduced further by model 1 covariates.

###### 

Multiple Regression Results for the Memory Neuropsychological Factor as a Function of SBP, BMI, and rCBF Areas

  Memory Factor         β        SE of β (95% CI)           *P* Value
  --------------------- -------- -------------------------- -----------
  Model 1                                                   
  SBP                   −0.132   0.057 (−0.020 to −0.244)   0.02
  Model 2                                                   
  SBP                   −0.134   0.059 (−0.018 to −0.250)   0.02
  BMI                   −0.000   0.060 (0.118 to −0.118)    ns
  SBP change, 2‐back    0.042    0.058 (0.156 to −0.072)    ns
  Model 3                                                   
  SBP                   −0.120   0.058 (−0.006 to −0.234)   0.04
  BMI                   0.006    0.059 (0.122 to −0.110)    ns
  SBP change, 2‐back    0.010    0.058 (0.124 to −0.104)    ns
  Frontoparietal ROIs   0.260    0.074 (0.405--0.115)       \<0.001
  Frontostriatal ROIs   −0.169   0.079 (−0.014 to −0.324)   0.03

Model 1 includes age, sex, race, and education as covariates with SBP. Model 2 adds BMI and SBP reactivity. Model 3 adds rCBF areas. Education and race were significant in all models; age was significant in model 1 only. Insular--subcortical ROIs did not contribute significantly in model 3. Model 1 *R* ^2^=0.311, model 2 *R* ^2^=0.313, model 3 *R* ^2^=0.357. BMI indicates body mass index; DBP, diastolic blood pressure; ns, not significant; rCBF, regional cerebral blood flow; ROI, region of interest; SBP, systolic blood pressure.

###### 

Multiple Regression Results for the Executive Function Neuropsychological Factor as a Function of SBP, BMI, and rCBF Areas

  Executive Function Factor   β        SE of β (95% CI)           *P* Value
  --------------------------- -------- -------------------------- -----------
  Model 1                                                         
  SBP                         −0.132   0.060 (−0.014 to −0.250)   0.03
  Model 2                                                         
  SBP                         −0.121   0.061 (−0.001 to −0.241)   \<0.05
  BMI                         −0.071   0.062 (0.051 to −0.193)    ns
  SBP change, 2‐back          0.099    0.061 (0.219 to −0.021)    ns
  Model 3                                                         
  SBP                         −0.118   0.060 (−0.000 to −0.236)   0.05
  BMI                         0.098    0.062 (0.220 to −0.024)    ns
  SBP change                  0.079    0.060 (0.200 to −0.039)    ns
  Frontoparietal ROI\'s       0.169    0.077 (0.320--0.018)       0.03

Model 1 includes age, sex, race, and education as covariates with SBP. Model 2 adds BMI and SBP reactivity. Model 3 adds rCBF areas. Race was a significant effect in all models. Neither frontostriatal nor insular--subcortical ROIs were significantly related. Model 1 *R* ^2^=0.240, model 2 *R* ^2^=0.254, model 3 *R* ^2^=0.294. BMI indicates body mass index; DBP, diastolic blood pressure; ns, not significant; rCBF, regional cerebral blood flow; ROI, region of interest; SBP, systolic blood pressure.

###### 

Multiple Regression Results for the Mental Efficiency Neuropsychological Factor as a Function of SBP, BMI, and rCBF Areas

  Mental Efficiency Factor   β        SE of β (95% CI)           *P* Value
  -------------------------- -------- -------------------------- -----------
  Model 1                                                        
  SBP                        0.134    0.061 (0.254--0.014)       0.03
  Model 2                                                        
  SBP                        0.141    0.062 (0.263--0.019)       0.02
  BMI                        0.001    0.063 (0.123 to −0.122)    ns
  SBP reactivity             −0.152   0.062 (−0.030 to −0.274)   0.01
  Model 3                                                        
  SBP                        0.137    0.062 (0.259--0.015)       0.03
  BMI                        −0.007   0.064 (0.118 to −0.132)    ns
  SBP reactivity             −0.138   0.062 (−0.016 to −0.260)   0.03

Model 1 includes age, sex, race, and education as covariates with SBP. Model 2 adds BMI and SBP reactivity. Model 3 adds rCBF areas. Age, race, and education contributed significantly to all models. Frontoparietal, frontostriatal, and insular--subcortical ROIs did not contribute significantly in model 3. Model 1 *R* ^2^=0.208, model 2 *R* ^2^=0.229, model 3 *R* ^2^=0.243. BMI indicates body mass index; DBP, diastolic blood pressure; ns, not significant; rCBF, regional cerebral blood flow; ROI, region of interest; SBP, systolic blood pressure.

###### 

Multiple Regression Results for Accuracy of Working Memory in the 2‐Back Task as a Function of SBP, BMI, and rCBF Areas

  2‐Back Task Accuracy   β       SE of β (95% CI)          *P* Value
  ---------------------- ------- ------------------------- -----------
  Model 1                                                  
  SBP                    0.127   0.060 (0.245--0.009)      0.04
  Model 2                                                  
  SBP                    0.106   0.060 (0.224 to −0.012)   0.08
  BMI                    0.033   0.061 (0.153 to −0.079)   ns
  SBP reactivity         0.247   0.060 (0.365--0.129)      \<0.001
  Model 3                                                  
  SBP                    0.117   0.060 (0.235 to −0.001)   0.05
  BMI                    0.039   0.060 (0.157 to −0.079)   ns
  SBP reactivity         0.226   0.060 (0.344--0.108)      \<0.001
  Frontoparietal ROIs    0.181   0.077 (0.332--0.030)      0.02

Model 1 includes age, sex, race, and education as covariates with SBP. Model 2 adds BMI and SBP reactivity. Model 3 adds rCBF areas. Race and education were related significantly to 2‐back task accuracy in all models. Neither the frontostriatal nor insular--subcortical ROIs contributed significantly to model 3. Model 1 *R* ^2^=0.221, model 2 *R* ^2^=0.278, model 3 *R* ^2^=0.297. BMI indicates body mass index; DBP, diastolic blood pressure; ns, not significant; rCBF, regional cerebral blood flow; ROI, region of interest; SBP, systolic blood pressure.

### Memory factor {#jah32091-sec-0016}

Poorer memory was significantly related to greater SBP in all models. In model 3, both the frontoparietal and frontostriatal rCBF components were significantly related to the memory factor. Increased rCBF among the frontoparietal ROIs and decreased rCBF among the frontostriatal ROIs were related to relatively better memory performance. Addition of the rCBF areas, however, had essentially no effect on the relationship of SBP and memory.

### Executive function factor {#jah32091-sec-0017}

Poorer executive function was significantly related to greater SBP in model 1. This relationship was marginally reduced in model 2. In model 3, only the frontoparietal rCBF component related to executive function. Greater rCBF in the frontoparietal ROIs related to better executive function, and the relationship of SBP and executive function was retained at *P*=0.05.

### Working memory factor {#jah32091-sec-0018}

In model 1, education and race related strongly to working memory and reduced the relationship between SBP and working memory to nonsignificance (β=−0.063 \[95% CI 0.166 to −0.042\], SE=0.053, *P* value not significant). BMI did not contribute in model 2, but SBP reactivity in the 2‐back task did (β=0.171 \[95% CI 0.275--0.067\], SE=0.053, *P*=0.002). Better working memory was related to greater increase in SBP during task performance. In model 3, significant contributions to working memory were again observed for SBP reactivity (β=0.156 \[95% CI 0.274--0.004\], SE=0.053, *P*=0.004). Both the frontoparietal ROI composite (β=0.139 \[95% CI 0.274--0.004\], SE=0.069, *P*=0.04) and the frontostriatal ROI composite (β=−0.137 \[95% CI 0.006 to −0.280\], SE=0.073, *P*=0.06) showed marginal relationships to the working memory factor. Values are not shown in tables, given the absence of an SBP relationship after control of race and education (model 1 *R* ^2^=0.340, model 2 *R* ^2^=0.428, model 3 *R* ^2^=0.447).

### Mental efficiency factor {#jah32091-sec-0019}

Higher resting SBP remained a predictor of less mental efficiency in all 3 multivariable‐adjusted models. In model 2, less mental efficiency was related to less change in SBP during task performance. No rCBF component related significantly to mental efficiency.

### MRI task performance {#jah32091-sec-0020}

Better 2‐back performance was related to higher SBP level in model 1 and continued to relate, albeit at a marginal level, in all models. In model 2, BMI was not influential, but greater SBP reactivity was related to better performance. SBP and SBP‐reactivity relationships were minimally altered by the addition of brain composites in model 3. Greater frontoparietal rCBF was related to better 2‐back task accuracy in model 3. MSIT reaction times were not related to SBP or rCBF response. Greater SBP reaction to the tasks, however, related to faster MSIT performance (β=−0.140 \[95% CI 0.272--0.006\], SE=0.064, *P*=0.03).

rCBF Response and SBP {#jah32091-sec-0021}
---------------------

In models 1 and 2, SBP levels failed to relate significantly to rCBF in the frontoparietal, frontostriatal, or insular--subcortical area. In model 2, the insular--subcortical area replicated prior work of by showing a relationship between greater SBP reactivity to the tasks and greater rCBF (standardized β=0.139 \[95% CI 0.272--0.006\], SE=0.068, *P*=0.04; overall model *R* ^2^=0.09 with the only other significant contribution from education level).

Exploratory Analyses {#jah32091-sec-0022}
--------------------

All models were rerun with initial DBP rather than SBP as a predictor variable. Results completely paralleled those reported for SBP, but β weights were smaller and statistical significance was less robust. The possible separate influence of height and weight were examined as a replacement for BMI in model 2; however, comparable to the BMI results, neither height nor weight contributed significantly to the prediction of the dependent variables.

Based on a reviewer\'s suggestion, interactions between SBP and race and SBP and educational level were also explored. Race--SBP interactions failed to show any significant results. When added to the regression models, however, SBP--educational level interactions contributed significantly to the executive function neuropsychological factor (standardized β=0.138, SE=0.063, *P*=0.03, model 1 *R* ^2^=0.21), the frontoparietal rCBF composite (standardized β=0.179, SE=0.066, *P*=0.007, model 1 *R* ^2^=0.16), and the frontostriatal rCBF composite (standardized β=0.148, SE=0.068, *P*=0.03, model 1 *R* ^2^=0.10). These interactions are illustrated with arithmetic means from groups formed from combining those above and below the means for SBP and educational level. Table [7](#jah32091-tbl-0007){ref-type="table-wrap"} shows these means.

###### 

Mean Values for Executive Function, Frontoparietal rCBF, and Frontostriatal rCBF for Groups Above and Below the Means for SBP and Educational Level

                        Education \<15.4 Years: SBP \<120.1 mm Hg, n=43   Education \<15.4 Years: SBP \>120.1 mm Hg, n=60   Education \>15.4 Years: SBP \<120.1 mm Hg, n=52   Education \>15.4 Years: SBP \>120.1 mm Hg, n=60
  --------------------- ------------------------------------------------- ------------------------------------------------- ------------------------------------------------- -------------------------------------------------
  Executive function    −0.18                                             −0.87                                             0.42                                              0.65
  Frontoparietal rCBF   10.7                                              −6.2                                              21.4                                              36.1
  Frontostriatal rCBF   −27.8                                             −43.1                                             −21.9                                             1.2

Comparison of means showed that the group with lower educational level and higher SBP differed from all other groups for executive function (*P*≤0.02) and frontoparietal rCBF (*P*≤0.06). The group with lower educational level and higher SBP also differed from both higher education groups for the frontostriatal rCBF (*P*≤0.05). rCBF indicates regional cerebral blood flow; SBP, systolic blood pressure.

Discussion {#jah32091-sec-0023}
==========

Higher BP levels spanning the normotensive to prehypertensive range during midlife were associated with decrements in memory, executive function, mental efficiency, and working memory. Brain rCBF responses to a working memory and mental interference tasks also occurred in brain areas previously related to BP or BP changes. The influence of BP on executive function and on a portion of the rCBF responses appeared to be moderated by educational level; those with less education and greater SBP showed greater decrements in executive function and less rCBF response to cognitive challenge compared with those with more education and similar SBP.

We replicated prior results relating BP to neuropsychological function in midlife[5](#jah32091-bib-0005){ref-type="ref"}, [6](#jah32091-bib-0006){ref-type="ref"}, [16](#jah32091-bib-0016){ref-type="ref"}, [17](#jah32091-bib-0017){ref-type="ref"} but did so by excluding participants with clinical hypertension (ie, SBP ≥140 mm Hg or DBP ≥90 mm Hg). Our results are cross‐sectional, but longitudinal studies have observed similar decrements with increasing BP.[5](#jah32091-bib-0005){ref-type="ref"}, [6](#jah32091-bib-0006){ref-type="ref"}, [48](#jah32091-bib-0048){ref-type="ref"}, [49](#jah32091-bib-0049){ref-type="ref"}, [50](#jah32091-bib-0050){ref-type="ref"} Our attention factor was unrelated to SBP. This accords with work in this area; decrements typically relate to hypertension, but different studies find decrements in different cognitive processes.[5](#jah32091-bib-0005){ref-type="ref"}, [51](#jah32091-bib-0051){ref-type="ref"}, [52](#jah32091-bib-0052){ref-type="ref"} Tzourio et al[3](#jah32091-bib-0003){ref-type="ref"} attributed such variability to age, duration and intensity of heightened BP, influence of BP‐related variables (eg, arterial stiffness), and impact on differing cerebrovascular structures. Nevertheless, we observed decrements across multiple processes, supporting the sensitivity of cognition to BP at midlife. In contrast, a number of factors typically associated with hypertension failed to relate significantly to SBP at midlife: BMI, physical activity, salt intake, sleep apnea, alcohol and tobacco use, medication use, medical conditions, and white matter hyperintensities.

The mechanisms accounting for cognitive decline with heightened BP are not completely known, and causality has not been established. Proposed mechanisms typically involve vascular impact on the brain (ie, vascular adjustments due to heightened pressure initiating brain dysfunction). Proposed vascular mechanisms include limitation of vascular reserve and vascular damage to neural structures. Novak and Hajjar[53](#jah32091-bib-0053){ref-type="ref"} provide a useful discussion of such vascular views. Such mechanisms are likely important with established hypertension, but our focus is on prehypertensive levels of BP. In our sample, neither total CBF nor rCBF response to task challenges among prehypertensive participants differed significantly from that among normotensive participants. This suggests that vascular reserve was not limiting cognitive processing. Similarly, controls for microvascular disease detected in our sample failed to alter the relationship between SBP and cognition. Although we did not assess all putative mechanisms (eg, disruptions of the blood--brain barrier), the hemodynamic influences of BP per se on neurovascular coupling may not underlie cognitive deficits in prehypertensive persons.

Neural dysregulation may not just accompany but actually precede the progression of BP to diagnostic levels.[15](#jah32091-bib-0015){ref-type="ref"}, [54](#jah32091-bib-0054){ref-type="ref"} In our work, this possibility was raised by continuing evidence of functional and structural indices of brain dysregulation despite successful lowering of BP in a 1‐year medication trial.[14](#jah32091-bib-0014){ref-type="ref"}, [55](#jah32091-bib-0055){ref-type="ref"} Identifying any process inducing brain dysregulation is challenging, given the complexity of essential hypertension. Hypertension continues to be recognized as a disease resulting from multiple influences, that is, a myriad of causes.[56](#jah32091-bib-0056){ref-type="ref"}, [57](#jah32091-bib-0057){ref-type="ref"} Numerous factors are implicated that either are regulated by brain function or influence brain function (eg, inflammation, reactive oxygen species, dietary intake and composition, sympathetic drive, renin angiotensin regulation, hyperuricemia).[56](#jah32091-bib-0056){ref-type="ref"}, [58](#jah32091-bib-0058){ref-type="ref"} It is unclear what initiates these influences, although psychological stress, overeating, and salt consumption have been implicated.[59](#jah32091-bib-0059){ref-type="ref"}, [60](#jah32091-bib-0060){ref-type="ref"} A combination of sympathetic nervous system drive and renal dysfunction are often viewed as the primary forces ultimately heightening BP.[59](#jah32091-bib-0059){ref-type="ref"}, [60](#jah32091-bib-0060){ref-type="ref"} Our incidental observation of a difference in the incidence of *APOE\*E4* polymorphism between prehypertensive and normotensive participants highlights the possible role of genetic factors. Interestingly, longitudinal observations of persons at midlife, albeit with clinical hypertension, showed a greater negative effect of word association proficiency 30 years later among those possessing *APOE\*E4*.[61](#jah32091-bib-0061){ref-type="ref"} We did not see such an association in our cross‐sectional data.

Sympathetic nervous system activation has been consistently supported[62](#jah32091-bib-0062){ref-type="ref"} as driving the progression of BP with medullary efferent control exerted by fast‐acting amino acid neurotransmitters (GABA and glutamate) and slower and more chronic activation related to angiotension and aldosterone.[63](#jah32091-bib-0063){ref-type="ref"} Relatively high activation chronically and acutely in brain areas regulating sympathetic efference could relate to heightened BP and also be evident in heightened rCBF during processing, as in the current 2‐back task result. Resting SBP was negatively related to neuropsychological factors, but during the 2‐back task, heightened SBP, SBP reactivity, and frontoparietal rCBF were related to better task performance (as others have recently observed[64](#jah32091-bib-0064){ref-type="ref"}). Heightened BP reactions to laboratory stressors predict subsequent hypertension,[65](#jah32091-bib-0065){ref-type="ref"}, [66](#jah32091-bib-0066){ref-type="ref"} and we have shown that they relate to subclinical vascular disease among those with hypertension.[67](#jah32091-bib-0067){ref-type="ref"} In this study, heightened BP reactivity to our cognitive tasks related to better working memory performance, executive function, and mental efficiency. Continued enhanced SBP responses to stressors might be expected to maintain performance but lead to chronically elevated BP.

Diminished rCBF in response to mental tasks[12](#jah32091-bib-0012){ref-type="ref"}, [14](#jah32091-bib-0014){ref-type="ref"} and physiological vasodilators[68](#jah32091-bib-0068){ref-type="ref"} have been observed previously among hypertensive compared with normotensive participants. In the present study, we selected brain areas that had previously been related in any way to BP or BP reactivity. Our hypothesis was not confirmed that rCBF responses to cognitive challenge in these areas would mediate the relative levels of cognitive function among the participants. In other words, less activation in such areas could not be shown to indicate less processing capacity and explain the neuropsychological results. The rCBF responses were significantly related to memory, working memory, and executive function, but these responses did not explain the relationships between SBP and cognition. This result raises questions about the global hypothesis that progressive levels of BP or a disease process driving these levels would exert a global influence on brain function. If this hypothesis were true, then any challenging probe of brain function would unmask a relationship between brain function and cognitive function. Our testing had methodological limits; current imaging techniques may lack spatial and temporal resolution and sensitivity necessary to detect even some widespread changes in brain function. Our technique, for example, was not adequate for the spatial resolution of important subcortical BP regulatory areas. Leaving aside these and other important concerns, namely, selection of brain areas, level of challenge, random error, the result suggests that influences are not global; specific cognitive processes and brain processes are present. Relationships may also be moderated by participant characteristics, as in our exploratory finding that rCBF responses in the frontoparietal and frontostriatal regions examined were more strongly related to SBP among these with less education. In short, the result suggests that future work must more clearly specify the persons and processes related to BP and examine these with sensitive techniques and designs such as longitudinal designs relating progression of BP to progression of relative deficit.

A speculative possibility is that chronically heightened central and peripheral sympathetic effects induce both hypertension and associated vascular changes that induce the diminished rCBF responses observed with established hypertension. With time, continued heightened cardiovascular reactivity may combine with other sympathetic nervous system--related factors (eg, obesity, apnea, genetic predisposition) to influence BP. Such progression might be expected to increase correlations with cognition and induce changes in rCBF that are detectible. This assumes that the pathogenesis of essential hypertension concurrently influences BP, brain indices, and cognition. Longitudinal observations spanning midlife are required to test this speculation. Alternatively, cognitive function may prove to be stable and independent of advancement of BP; those with relatively poor neuropsychological function may be more susceptible than others to hypertensive disease.

Further limitations should be noted. The current analysis uses cross‐sectional data and cannot determine direction of causality between SBP and cognition. In addition, our sample generalizes only to relatively healthy midlife persons without hypertension. Other measures related to BP (eg, pulse wave velocity) may relate more strongly to cognition than BP.[69](#jah32091-bib-0069){ref-type="ref"}, [70](#jah32091-bib-0070){ref-type="ref"}, [71](#jah32091-bib-0071){ref-type="ref"} Power analyses showed that we had a power of 0.8 with the obtained sample size to detect correlations between BP and cognitive function or rCBF of 0.19 (small effect size, 4% of variance). We were not powered to determine smaller effect sizes that might be expected in the mediation analyses further analyzing relationships of this magnitude. Technical issues and the demands of imaging led to the requirement to estimate missing data, although checks suggested minimal effects of such estimation. Ideally, we would also have verified the self‐report of study exclusions by physical examination or medical records. Ambulatory BP readings or a greater number of BP readings would also strengthen the validity of BP estimates. Strengths of the study include careful screening and detailed cognitive assessment; brain image analysis based on prior findings, limiting but not entirely controlling the risk of experimentwise error rates; and substantial measurement of factors related to hypertension.

Perspectives {#jah32091-sec-0024}
------------

These results show cognitive relationships with BP in prehypertensive persons. The emerging field of preventive neuroradiology holds promise for combating the cognitive decline associated with aging and hypertension by combining brain imaging, behavioral treatments, and neuroprotective medications.[1](#jah32091-bib-0001){ref-type="ref"}, [72](#jah32091-bib-0072){ref-type="ref"}, [73](#jah32091-bib-0073){ref-type="ref"}, [74](#jah32091-bib-0074){ref-type="ref"}, [75](#jah32091-bib-0075){ref-type="ref"} The current results are relevant to this effort, but demonstration of stronger and more specific relationships will be required prior to clinical applicability. The results support the value of further work relating BP, cognitive function, and the neural processes controlling cognition and BP, particularly during midlife.
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**Table S1.** Neuropsychological Measures Listed Within the Derived Factor Used in Analyses
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